Abstract The hourglass dolphin Lagenorhynchus cruciger is the only regularly occurring small delphinid found south of the Antarctic Polar Front, yet little is known about its ecology and habitat use. This study uses 8 years (14 cruises) of standardized shipboard surveys during January-March (2003 -2011 in southern Drake Passage near the South Shetland Islands to summarize the spatial distribution of hourglass dolphin sightings and quantify habitat use. Sighting data are linked to bathymetry (depth, slope) and distance to the average location of oceanographic features. A generalized linear model is used to examine the relationships between sightings and habitat features. Hourglass dolphins were sighted on 50% of surveys (n = 29); sightings were concentrated in February. Group size tended to be 2-6 individuals; there were only 2 sightings of larger groups, of 15 and 25 individuals. Sightings were distributed entirely within the deep pelagic waters north of the South Shetland Islands in southern Drake Passage and were closely associated with the southern boundary of the Antarctic Circumpolar Current. Information on occurrence and distribution reported in this study may be useful for refining habitat associations for hourglass dolphins at regional scales in the Southern Ocean.
Introduction
The hourglass dolphin Lagenorhynchus cruciger has a circumpolar distribution in the Southern Ocean and is the only small delphinid regularly found south of the Antarctic Polar Front (Brownell and Donahue 1999; Electronic Supplementary Material Figure) . Very little is known about its habitat, dietary preferences and interactions with other cetaceans (Ashford et al. 1996; Goodall et al. 1997; Fernandez et al. 2003; Goodall 2009 ). In the southwest Atlantic, localized concentrations have been documented around the southern tip of South America, Falkland Islands and South Georgia (Goodall 1997; Goodall et al. 1997; White et al. 1999) . However, information regarding the occurrence and spatial distribution of these dolphins in waters around the South Shetland Islands and Antarctic Peninsula is lacking. Understanding habitat use patterns of hourglass dolphins should provide valuable information about their spatial ecology, role in food webs and potential interactions with commercial fishery operations in this region (Trites et al. 1997) .
The Antarctic Circumpolar Current (ACC) in Drake Passage ( Fig. 1 ) is characterized by a series of frontal zones that form boundaries between different water masses. The southernmost extent of the ACC, the southern boundary (sbACCf), is marked by shoaling and terminus of warm Upper Circumpolar Deep Water. The ACC frontal jets and boundary are important ecological features, the location of which vary spatially due to bathymetry and changes in atmospheric pressure and wind forcing (Orsi et al. 1995; Tynan 1998) . This highly dynamic region provides important habitat for a variety of marine mammals and seabirds (Tynan 1998; Santora et al. 2009 . Specifically, in southern Drake Passage, the ACC southern front (sACCf) and boundary ( Fig. 1) are locations of complex ocean mixing (e.g., eddies) that contain elevated concentrations of Antarctic krill (Euphausia superba), myctophids and squid (Rodhouse and White 1995; Pakhomov et al. 1996) . The sbACCf lies immediately along the northern shelf-break of South Shetland Islands, with bathymetrically related longitudinal variation (Fig. 1) . This is the location of wind-driven divergence and upwelling that bring relatively warm, nutrient-rich water to the surface, thereby supporting elevated primary and secondary production. Because of the predictability of high densities of baleen whales at the sbACCf, this region was targeted during commercial whaling operations (Tynan 1998) . Recent works document the spatial relationships between fin whales (Balaenoptera physalus) and krill as well as southern bottlenose whales (Hyperoodon planifrons) relative to the sbACCf Santora and Brown 2010) .
The objective of this study is to summarize sightings of hourglass dolphins recorded during 14 oceanographic surveys around the South Shetland Islands during austral summer (January-March) to determine their habitat use patterns. In particular, I examine the relationships between dolphin sightings, bathymetry and average position of oceanographic features. Such baseline information is required for inferring relative abundance and distribution patterns of hourglass dolphins, which is important for understanding their role in Antarctic marine ecosystems.
Methods
The US Antarctic Marine Living Resources (AMLR) program (NOAA NMFS) conducts annual standardized surveys in southern Drake Passage and Bransfield Strait waters surrounding the South Shetland Islands (Elephant, King George and Livingston Islands; Fig. 1 ). Ship-based surveys are on a fixed grid along inshore and offshore north-south transects with stations spaced at ca. 55-km intervals across a *120,000 km 2 area. During JanuaryMarch 2003-2011, a total of 14 surveys were conducted to map the distribution and relative abundance of seabirds and marine mammals. Each month-long survey covered *2,500 km of trackline. For additional review of survey effort, please see Santora and Brown (2010) and .
Sighting data on top-predator species abundance and distribution were continuously collected using standard line transects during daylight hours on transits between the sampling stations ( Fig. 1) . Ship speed was usually 10 knots (*18.6 km/h). Experienced bird and cetacean observers used hand-held binoculars from a height of *13 m above sea level. Data were entered into a computer using realtime mapping software, and positions were logged every 10 s while underway. Each sighting was assigned a time (to the nearest tenth of a second) and spatial position from the ships' global positioning system (GPS). Sea surface state (Beaufort scale) and visibility (e.g., fog, glare) were monitored, and effort during unfavorable conditions (e.g., Beaufort [6, heavy fog) was excluded from the data set Santora and Brown 2010) . Weather conditions permitting all sightings recorded were observed in a 1808 arc forward of and up to 3 km away from the vessel. For each sighting, a best-estimate spatial position, bearing and distance estimate to the ship's trackline were logged (Buckland et al. 1993 ). However, due to their small size and attraction to ships (e.g., bow-riding) combined with often undesirable sea states, the sightings of hourglass dolphins reported in this study were detected within 10-500 m from the ship's trackline. Therefore, group sizes of dolphins are estimates that reflect animals, which were in close proximity to the ship and do not take into account detection probability at distances greater than 500 m. Hourglass dolphin sightings were integrated in a GIS and linked to geo-referenced data on bathymetry (depth, slope) and distance (km) to the average position of oceanographic fronts (Orsi et al. 1995) including the sACCf and sbACCf. Given the general paucity of dolphin sightings, all data were combined for analysis to examine their habitat use patterns. A generalized linear model (GLM) is used to examine the relationships between sighting group size and spatial covariates for describing habitat use of dolphins (Ferguson et al. 2006) . Sighting group size is specified as a Poisson distribution with a loglink function.
Results
A total of 29 hourglass dolphins sightings were made, yielding a mean group size of 4.79 ± 5.01 SD (Tables 1, 2) . Three sightings were of group sizes greater than 10 individuals, with the largest group comprised of 25 individuals. Dolphins were only sighted on 7 of 14 surveys (50%) during 5 years, with sightings predominantly concentrated (23 of 29) during February (Tables 1, 2 ).
All hourglass dolphins were observed in southern Drake Passage north of the South Shetland Islands (Fig. 1 ). They were highly clustered north of Elephant Island, particularly to the northwest around the topographic relief of the Shackleton Fracture Zone and northeast in proximity to the sbACCf (Fig. 2) . They occurred in regions between the sbACCf and sACCf; 86% of sightings were located within *125 km from the SACCB, while 65% of sightings were within 100 km from the sACCf. The majority of sightings (90%) were located in waters greater than 2,000 m in depth with low slope values, indicating affinity for deep pelagic waters away from the shelf-break (Figs. 1, 2) .
The GLM indicates that distance to the ACC fronts is a significant predictor of dolphin distribution (Table 3 ). The model also shows that slope is negatively related to sighting spatial distribution, with most sightings occurring in waters of low bathymetric relief. Regarding spatial distribution, sightings and group size are negatively related to latitude, indicating that sightings increased further to the south, possibly involving an attraction to the ACC southern boundary. On the other hand, longitude is not a significant factor; this may indicate that within this region, dolphin sightings tend to be distributed uniformly along the longitudinal extent of the frontal system (Table 3) .
Discussion
Due to its highly pelagic nature and broad distribution in the Southern Ocean, the hourglass dolphin remains one of the least understood delphinids (Brownell and Donahue 1999) . This study examined habitat use during JanuaryMarch in southern Drake Passage and coastal Antarctic waters around the South Shetland Islands. Dolphins were sighted on 50% of surveys, with greatest frequency in late summer (February-March). Sightings were located well offshore in deep waters ([2,000 m) and were associated with the southern boundary of the Antarctic Circumpolar Current. Previous studies in the southwest Atlantic Ocean described distribution and occurrence of hourglass dolphins at the northern part of their range around the southern tip of South America (Goodall 1997) ; Falkland Islands (White et al. 1999) and South Georgia (Ashford et al. 1996; RossiSantos et al. 2007 ). This study focused on their habitat use at their southern distribution range within an ecologically important area for cetaceans (Tynan 1998; . Furthermore, the study area is used by the commercial fishery for krill (Constable et al. 2000) , and the dolphin distribution patterns described here may be relevant for assessing potential interactions between cetaceans and fishing vessels (Ashford et al. 1996; Koch et al. 2005) . It is unclear why dolphins were only sighted on 50% of surveys and concentrated during February-March surveys. One explanation is that it may be due in part to a seasonal phenological shift in environmental conditions within southern Drake Passage. Kasamatsu and Joyce (1995) indicated that sightings of hourglass dolphins increased in early February. They postulated that the seasonally increased sighting frequency may relate to thermoregulation of this small-bodied species and that it coincided with either an increase in sea surface temperature or prey availability. Within the AMLR study area, spatial variability and interannual changes in the distribution and abundance of seabirds are linked to krill (Santora et al. 2009 ). Therefore, prey availability (abundance and aggregation intensity) may be an important factor underlying seasonal shifts in hourglass dolphin abundance (e.g., migration to optimal forage areas).
This study shows that oceanographic features are an important determinant of habitat use in southern Drake Passage. Although dolphin sightings were clustered in proximity to the sACCf and sbACCf, it is unclear what biological properties (prey type and concentration) are important to their habitat selection, especially at relatively fine scales within these features. In this region, krill are the principal prey for many species of fish, squid, seabirds and marine mammals, and they tend to concentrate with fronts (Atkinson et al. 2008) . However, while no dietary information exists for hourglass dolphins near the South Shetland Islands, stomach contents of specimens from southern South America indicated that myctophids, squids and crustaceans are common prey Fernandez et al. 2003; Goodall 2009 ). Habitat selection by hourglass dolphins near the South Shetland Islands potentially indicates key areas for myctophids and squids in this region (Santora and Brown 2010) . Since myctophids and squid feed on krill (Rodhouse and White 1995; Pakhomov et al. 1996) , hourglass dolphins may exert indirect effects on krill populations, information useful for refining food web and ecosystem models (Hill et al. 2007 ).
Further study is needed to examine the spatial relationships among baleen and toothed whales near the South Shetland Islands. The spatial distribution patterns of hourglass dolphins described here overlap with those for southern bottlenose whales and fin whales (Santora and Brown 2010; , indicating that these species are concentrating within the proximity of the sACCf and sbACCf, likely due to elevated prey concentration. However, it is unclear how they interact, whether they associate with each other and what types of prey they are selecting. It is generally assumed that fin whales are targeting krill aggregations while southern bottlenose whales and hourglass dolphins are presumably foraging on myctophids and squid. Clearly, their spatial overlap indicates these species select similar pelagic habitat and that the southern boundary of the ACC is an important factor. Using a multispecies approach, further study is needed to compare the spatial relationships and habitat use among baleen and toothed whales, as well as for pinnipeds and seabirds (Santora and Reiss 2011) .
This study shows that there likely are predictable seasonal and spatial distribution patterns of hourglass dolphins north of the South Shetland Islands. Owing to their small size, combined with often undesirable ambient sea states, estimation of their population size remains problematic. Based on surveys during 1976/77 and 1987/88, Kasamatsu and Joyce (1995) reported a population estimate of 144,300 individuals for the entire Southern Ocean. The present study indicates that repeated surveys are useful for revealing temporal and spatial distributions of dolphins in relation to their environment. The relationship between sightings and oceanographic features developed in this study may be useful for targeting studies of other locations within the ACC that may be attractive to hourglass dolphins and for potentially improving our understanding of their population at local scales in the Southern Ocean. 
